Abstract: Tumour metastasis is a multistep process. Melanoma is a highly aggressive cancer and metastasis accounts for the majority of patient deaths. microRNAs (miRNAs) are non-coding RNAs that affect the expression of their target genes. When aberrantly expressed they contribute to the development of melanoma. While miRNAs can act locally in the cell where they are synthesized, they can also influence the phenotype of neighboring melanoma cells or execute their function in the direct tumour microenvironment by modulating ECM (extracellular matrix) and the activity of fibroblasts, endothelial cells, and immune cells. miRNAs are involved in all stages of melanoma metastasis, including intravasation into the lumina of vessels, survival during circulation in cardiovascular or lymphatic systems, extravasation, and formation of the pre-metastatic niche in distant organs. miRNAs contribute to metabolic alterations that provide a selective advantage during melanoma progression. They play an important role in the development of drug resistance, including resistance to targeted therapies and immunotherapies. Distinct profiles of miRNA expression are detected at each step of melanoma development. Since miRNAs can be detected in liquid biopsies, they are considered biomarkers of early disease stages or response to treatment. This review summarizes recent findings regarding the role of miRNAs in melanoma metastasis.
Introduction
Melanoma develops from the malignant transformation of neural crest-derived melanocytes. Primary melanoma can be easily treated by surgical resection. Invasive melanoma cells escape from their primary location and translocate via the circulatory system or body cavities to lymph nodes or distant organs to establish a secondary cancer tissue. Advanced melanoma is promoted by a complex interplay between melanoma cells and components of the microenvironment [1, 2] . Melanoma in unresectable advanced stages has a very high frequency of acquired mutations that are critically involved in proliferation, survival, and metastasis [2, 3] . The discovery of frequent functional mutations has led to new molecular classifications of melanoma and created the opportunity to develop specific inhibitors. Approximately 50% of melanomas harbor mutations in BRAF (V-raf murine sarcoma viral oncogene homolog B1), leading to the aberrant activation of the MAPK signaling pathway [4] . Vemurafenib and dabrafenib were the first and second FDA (Food and Drug Administration) approved targeted therapies for BRAF-mutated melanomas, respectively, and then combination therapies of BRAF and MEK inhibitors became available [5] . Unfortunately, the majority of melanomas are either intrinsically resistant or develop resistance within a few months after initial treatment [6, 7] . In addition to targeted therapies that employ small molecules, immunotherapies have been developed, where immune checkpoint blockers (ipilimumab, nivolumab, pembrolizumab) re-activate cytotoxic T cells to eliminate melanoma cells [8, 9] . Although a prolonged clinical benefit from immunotherapies especially combining anti-PD-1 and anti-CTLA-4 is evident, predictive biomarkers from donor cells upon fusion with the plasma membrane [58, 59] . Alternatively, MVBs can be degraded in lysosomes [60] . Originally, exosomes were thought to play a major role in cellular debris disposal, but nowadays they are recognized as important transporters of various important bioactive molecules such as miRNAs, tRNAs, mRNAs, lncRNAs, piRNAs, rRNAs, snRNA, snoRNAs, DNA fragments, lipids and proteins, and they are considered predictive and prognostic biomarkers useful in monitoring tumour development and results of treatment [10, 61] . According to the Exocarta database, which gathers information about exosomal contents, 9769 proteins, 3408 mRNAs, 2838 miRNAs, and 1116 lipids have been identified in exosomes from different cell types of multiple organisms (http://www.exocarta.org). Exosomal miRNAs substantially contribute to melanoma progression by transferring information between melanoma cells themselves, as well as melanoma cells and neighboring non-tumour cells such as fibroblasts and endothelial cells [62, 63] . miRNAs modulate the properties of immune cells and cells at distant niches [62, 63] . Intercellular miRNA transport mediated via EVs includes: fusion, endocytosis, phagocytosis, and receptor mediated uptake. AGO-bound miRNAs have been shown to pass between adjacent cells via gap junctions or through hemichannels (HC) into the extracellular space to enter the target cell [53] . Transporters such as ABCA1 (ATP-binding cassette transporter 1) mediate the release of HDL-miRNA complexes that are taken up by recipient cells via SR-B1 (scavenger receptor class B type 1) [64] . A schematic representation of miRNA function and transport is summarized in Figure 1 . In the cytosol, mature miRNAs associated with the protein AGO (argonaute) are incorporated into the RNA-induced silencing complex (RISC) that binds to target mRNAs to induce degradation (perfect binding) or repress translation (imperfect binding). In addition, mature miRNAs can be exported out of the cell and transported to recipient cells by various carriers, including melanosomes (B), ectosomes (C), HDL (high density lipoprotein) (D), AGO (E), and exosomes (F). To disseminate to distant cells, miRNAs must enter the cardiovascular or lymphatic system. Mechanisms of miRNA uptake by the target cell include direct melanosome uptake (G), endocytosis (H), gap junctions (I), phagocytosis (J), fusion (K), and receptor-mediated uptake (L). Target cells include melanoma cells, lung cells, endothelial cells, and bone marrow-derived cells. ABCA1: ATP-binding cassette transporter; CAF: cancer associated fibroblast; HC: hemichannel; MVB: multivesicular body; and SR-B1: scavenger receptor class B type 1.
miRNAs Modulate the Tumour Niche within the Dermis
Normal melanocytes produce melanin, which is transferred in melanosomes to keratinocytes to induce skin pigmentation. Melanoma cells retain the ability to transfer melanosomes to neighboring cells, which contributes to the formation of the tumour niche within the dermis [33, 65] . Dror et al. have shown that melanoma cells communicate with fibroblasts via melanosomes that are released into the dermis prior to melanoma cell invasion [33] . Moreover, they have demonstrated melanosomal transport of miR-211, which contributes to the reprogramming of primary fibroblasts into cancer-associated fibroblasts (CAFs). CAFs play an important role in the progression from primary to metastatic melanoma. Increased proliferation of CAFs has been shown to be associated with a reduced level of IGF2R (insulin growth factor 2 receptor), and IGF2R mRNA was found to be a direct target of miR-211 [33] . Moreover, miR-211 transfected into fibroblasts upregulates phospho-ERK, which indicates activation of the MAPK signaling pathway. The spectrum of miRNAs transferred by melanoma-derived melanosomes is different from melanosomes secreted by melanocytes, and lower miR-211 levels have been observed in the dermis of normal skin compared with melanoma in situ. These findings suggest that melanoma cells are capable of modulating the stromal niche during the early phase of the disease by altering the phenotype of dermal fibroblasts. Thus, blocking the release of melanoma-derived melanosomes might forestall early dermal changes [33] .
Another mutation-independent mechanism that underlies the initiation of melanoma metastasis during the transition from radial to vertical growth involves miR-222/221, NOTCH, and MITF [66] . In melanoma cells that are present in a NOTCH ligand-free microenvironment, the transcription factor MITF represses the miR-222/221 promoter. During radial growth, which occurs when melanoma cells establish contact with distal differentiated keratinocytes that express NOTCH ligands, the activated intracellular domain of NOTCH interferes with MITF binding to the miR-222/221 promoter. The increased expression of miR-222/221 therefore enables the acquisition of invasion capabilities [66] . It has been shown that the level of oncomiR-222/221 inversely correlates with the level of tumour suppressor miR-126/miR-126* during melanoma progression [67] . Felli et al. have reported high expression of miR-126/126* in melanocytes and primary vertical growth phase melanomas, with its decrease in subcutaneous and lymph-node metastases, whereas miR-221/222 expression has been almost undetectable in melanocytes and gradually increased during melanoma progression [67] . Protein analyses have revealed the reverse expression pattern of several factors, targeted by miR-126/126* and induced by miR-222/221, or the opposite. Interestingly, the dual regulation of AP2α (activating protein 2 alpha), a transcription factor that is lost during transition from primary to local and metastatic dissemination, has been revealed. While AP2α plays a role of a transcriptional activator of tumour suppressor miR-126/126*, AP2α transcripts are targeted by oncogenic miR-222/221 [67] . Alterations in this auto-sustaining loop during melanoma development may contribute to changes in the expression of several pro-oncogenic factors, including cell adhesion molecules, extracellular matrix (ECM) degrading enzymes, angiogenic and survival proteins. Increased expression of miR-221/222 in melanoma cell lines has been associated with induced proliferation, migration, and invasion of melanoma cells in vitro and in vivo compared to normal melanocytes [68] . The expression of miRNA-221/222 is transcriptionally downregulated by PLZF (promyelocytic leukaemia zinc finger) or antagomir-221/222 treatment [68] . miR-222 is part of the melanoma exosomal cargo, and exosomes released by miR-222-overexpressing cells are taken up by recipient primary melanoma cells to promote tumour growth through the activation of the PI3K/AKT pathway, and downregulation of the tumour suppressor p27 [69] . Transcripts of c-KIT and the cyclin-dependent kinase inhibitor p27 are targets of miR-221/222. miR-221-induced attenuation of p27 and c-KIT has been shown in another study [70] . Inactivating point mutations in p27 are rare, and p27 is mostly regulated at the posttranscriptional and posttranslational levels. Thus, a proposed miR-221/222-based mechanism that blocks p27 translation represents an additional oncogenic program that triggers an abnormal cell cycle rate in melanoma cells [68] .
miRNAs Modulate Angiogenesis and Immune Response, Intravasation, and Extravasation of Melanoma Cells
To disseminate into lymph nodes or distant sites, melanoma cells must enter the cardiovascular or lymphatic systems. Forming new vessels via angiogenesis, intravasation, and extravasation is important during melanoma progression. miR-203 has been shown to suppress melanoma cell migration and angiogenesis in vitro, and to decrease primary tumour growth and suppress metastasis to the lungs and lymph nodes in vivo [71] . miR-203 expression is downregulated in metastatic melanoma compared to primary melanoma, and hypermethylation of the miR-203 promoter has been suggested as the potential mechanism. Transcripts of SLUG (Snail Family Transcriptional Repressor 2), which contains an evolutionally conserved 8-mer-binding site in its 3 UTR, has been identified as a direct miR-203 target, and a higher level of SLUG protein has been observed in malignant melanoma samples compared with benign nevi [71] . miR-203-mediated reduction in IL-8 levels plays an important role in the modulation of neovascularization [71, 72] . Pencheva et al. have revealed the involvement of miR-1908, miR-199a-5p, and miR-199a-3p in angiogenesis during melanoma progression [73] . Melanoma cells exhibiting high miR-1908, miR-199a-5p, and miR-199a-3p levels possess a greater capacity to recruit endothelial cells in vitro and in vivo [73] . Melanoma cell-derived exosomes promote the migration of endothelial cells and affect angiogenesis by transferring miR-9 to endothelial cells and activating the JAK-STAT pathway [74] . The JAK-STAT pathway is one of the major oncogenic signaling pathways in human malignancies [74] . It has been shown that miR-214 induces MET expression [75] , which is associated with the increased expression of VEGF-C (vascular endothelial growth factor C) and PDGF-C (platelet-derived growth factor C), and enhanced lymphangiogenesis. VEGF-C induces proliferation of lymphatic endothelial cells (LECs), whereas PDGF-C is a mitogenic factor and chemoattractant for CAFs and blood endothelial cells [76] [77] [78] .
The involvement of miR-214 in extravasation has been determined both in vivo and in vitro [75] . In vitro, trans-endothelial migration of miR-214 was typical for miR-214-overexpressing cells in comparison to the A375P cell line exhibiting low miR-214 expression. In vivo, extravasation of miR-214-overexpressing cells from blood vessels stimulated the formation of lung metastasis. In contrast, decreased extravasation was characteristic of miR-214-silenced melanoma cells. Moreover, miR-214 has been shown to reduce anoikis, which could be important for melanoma survival in the blood circulation [75] .
Melanoma is one of the most immunogenic tumours, and the relationship between melanoma cells and the immune system is under continuous investigation. During melanoma development, cell proliferation and survival are associated with immune editing that is a dynamic process that includes immunosurveillance, equilibrium between melanoma and immune cells, and finally evasion of the immune response [79] .
Growing evidence indicates the presence of close interactions between tumour-derived miRNAs and cells of the immune system (for review: [80] [81] [82] ). Several miRNAs were found to be involved in the regulation immune responses in melanoma. It has been demonstrated that in sentinel nodes, which represent the first immunological site where the anti-melanoma immune response becomes dysfunctional, several miRNAs are differentially expressed between progressing patients and non-progressing patients [83] . Analysis of three miRNAs, miR-30c, miR-23a, and miR-4299 suggested that miRNA involvement associated with immune suppression is cell type-specific. miR-30c, miR-23a, and miR-4299 have been found to selectively modulate the expression of CD30 in Tregs (regulatory T cells) and MDSCs (myeloid-derived suppressor cells), two key players in tumour-induced immunosuppression. Overexpression of the miR-30d/30b cluster has been shown to enhance the invasive capacity of melanoma cells in vitro, and increase their metastatic potential in vivo [84] . GALNT7 (polypeptide N-acetylgalactosaminyltransferase 7) mRNA is among the known miR-30d/30b targets. GALNT7 significantly affects the O-glycosylation of membrane proteins by interacting with the ECM in the tumour microenvironment [84] . Moreover, during melanoma progression, the upregulation of miR-30d expression together with the reduced expression of GALNT7 enhances the secretion of IL-10 (interleukin 10) and decreases immune cell activation and recruitment. Furthermore, they have observed that overexpression of miR-30d is associated with reduced CD3 + T cells recruitment and induction of regulatory T cells. This can be partially associated with increased IL-10 secretion, thus the miR-30b/30d-GALNT7-IL-10 axis could be an explanation of the immunosuppressive behavior of melanoma. This is further supported by the observation that upregulated miR-30d increased the level of FOXP3 (forkhead box P3)-positive lymphocytes [84] . Natural killer (NK) cells activating receptor NKG2D (natural killer group 2, member D) and NKG2D ligands (NKG2DLs) play an important role in cancer immune surveillance [85] . Heinemann et al. have shown that ULBP2 (UL16 binding protein 2) mRNA, a surface molecule belonging to the NKG2DL group, is a target of miR-34a/miR-34c [86] . Metastatic melanoma cells escape immune surveillance by enhancing ULBP2 shedding, which makes soluble ligands detectable in serum from melanoma patients [87] .
miRNAs Modulate Melanoma Cell Invasion
MITF-M, a lineage-restricted transcription factor that operates in normal melanocytes, plays an important role as a melanoma addiction oncogene [88] . According to the rheostat model [89, 90] , different programs can be executed in melanoma cells depending on MITF activity, and low levels and activity of MITF are connected with an invasive phenotype. MITF activity is tightly regulated at the transcriptional, post-transcriptional, and post-translational levels [91] , and miRNAs including miR-137, miR-148, miR-182, miR-211, and miR-340 are involved in this regulation. Bemis et al. have shown that miR-137 downregulates MITF expression in melanoma cell lines [92] . miR-137 expression has been shown to correlate with poor survival in stage IV melanoma patients [93] . Multiple oncogenic target mRNAs, including c-MET (mesenchymal to epithelial transition), YB1 (Y box-binding protein 1), EZH2 (enhancer of zeste homolog 2), and PIK3R3 (phosphatidylinositol 3 kinase regulatory 3) are downregulated by miR-137 [94] . miR-148 has been reported to negatively regulate MITF expression in melanoma cells through a conserved binding site in the 3 UTR sequence [95] . Combined overexpression of both miR-137 and miR-148 does not, however, result in a cumulative effect [95] . Segura et al. have found that miR-182 is frequently amplified and upregulated in melanoma cell lines and tissue samples, and its overexpression promotes the migration and survival of melanoma cells through the direct downregulation of MITF-M and FOXO3 (Forkhead box O3) expression [96] . Moreover, the expression of miR-182 gradually increases from primary to metastatic melanomas [96] . The expression of miR-182 is epigenetically regulated [97] , and this epigenetic modification may be of clinical significance because miR-182 is methylated in melanoma cells in a cancer-specific manner [97] . Overexpression of miR-182 in A375 melanoma cells increases proliferation, stimulates migration and invasion, inhibits cell apoptosis, and blocks the cell cycle at the S phase [97] . Another miRNA that influences MITF levels indirectly is miR-211. The expression of miR-211, which resides in the sixth intron of TRPM1, is downregulated in primary melanomas compared with benign melanocytic nevi and melanocytes [28, 98] . Furthermore, lower miR-211 levels are observed in highly invasive melanoma cell lines in comparison to less invasive cell lines [26] . miR-211 inhibits melanoma migration and invasion [99] [100] [101] , and the loss of cell adhesion via direct regulation of NUAK1 mRNA [102] . A switch model has been proposed in which MITF and miR-211 can activate an opposite cellular program than the program driven by PAX3 and BRN2 [101] [102] [103] . miR-211 targets POU3F2/BRN2 (POU-domain class 3 transcription factor 2/brain-specific homeobox 2) mRNA, which is a known repressor of MITF expression. The loss of miR-211 results in elevated BRN2 levels and leads to the inhibition of MITF expression and maintenance of melanoma cells in a dedifferentiated, pro-invasive state [101] . In BRAF-mutant melanoma cells, BRN2 transcriptionally represses the expression of PDE5A (cyclic nucleotide phosphodiesterase 5A), leading to increased cGMP levels and phosphorylation of MYL2 (myosin light chain 2) and consequently increased invasion [104] . Furthermore, miR-211 modulates the transcript levels of IGF2R, TGFBR2 (transforming growth factor beta receptor II), and NFAT5 (nuclear factor of activated T-cells 5) [99] . miR-340 drives a decrease in MITF expression, which interacts with two target sites on the short 3 UTR of the MITF transcript [105] . This regulation is independent of alternative cleavage and polyadenylation, and it has been shown that CRD-BP (coding region determinant-binding protein) restricts the activity of miR-340 by preventing its access to MITF mRNA [105] . All the above data indicate that the expression of MITF, an important melanocyte-and melanoma-specific transcription factor, is under the control of several miRNAs that are either upregulated or downregulated in melanoma (Table 1) . The loss of let-7b increased the expression of basigin (BSG, CD147) and enhanced MMP (matrix metalloproteinase) production, whereas its overexpression suppressed proliferation, invasion, migration, and colony formation in the B16-F10 melanoma cell line and reduced the number of tumour nodules found in the lungs of mice intravenously injected with let-7b-transfected B16-F10 cells [119] . Changes in the level of let-7a, which is elevated in melanocytes and reduced or lost in melanoma, influence ECM (extracellular matrix) remodeling. Müller at al. have shown that let-7a is a negative regulator of ITGB3 expression, which leads to diminished levels of integrin β3 [118] . Integrin β3 plays an important role in ECM remodeling, and its expression increases in melanoma cells [127] . Transcripts of integrin α3 and transcription factor AP-2γ (activating protein 2 gamma) are directly repressed by miR-214 binding to their 3 UTRs [75] . Several AP2-repressed genes (e.g., MCAM-MUC18 and VEGFA) are upregulated in the presence of miR-214, whereas the expression of AP2-activated genes (e.g., TGFB, IGFBP5 (insulin-like growth factor-binding protein 5) or ERBB2 (ERB-B2 receptor tyrosine kinase 2)) decreases when miR-214 is overexpressed. Moreover, other AP2-regulated genes, including CDH1 encoding E-cadherin and TIMP1 or TIMP2 encoding metallopeptidase inhibitors, are upregulated in melanoma cells after transfection with miR-214 precursors [75] .
It has been shown that the upregulation of miR-21 induces an invasive phenotype in non-metastasizing WM1552c melanoma cells. However, its overexpression does not increase proliferation and migration of melanoma cells [108] . TIMP3 (tissue inhibitor of metalloproteinases 3) mRNA has been recognized as one of the potential targets of miR-21 [108] .
Transcription factor E2F1 induces the expression of GABRE (epsilon subunit of gamma-aminobutyric acid A receptor), and the miR-224/miR-452 cluster located within the intron of GABRE [128] is involved in an EMT (epithelial-mesenchymal transition)-like process in melanoma cells. Knoll et al. have found that miR-224/miR-452 target the metastatic suppressor TXNIP (thioredoxin-interacting protein) that induces feedback inhibition of E2F1 [116] . TXNIP has been previously implicated in increased p16 and reduced RB (retinoblastoma) phosphorylation [129] . Furthermore, ectopic expression of this miRNA cluster in less aggressive cells results in cytoskeletal rearrangement and promotes migration and invasion. Therefore, the activity of the E2F1-miR-224/452-TXNIP mRNA axis has been suggested to be a molecular signature that predicts patient survival [116] .
Members of the miR-200 cluster (miR-200a, miR-200b, miR-200c, and miR-141) also play an important role in tumour metastasis [130] [131] [132] . miR-200c directly targets mRNA of BMI-1 (B-cell-specific Moloney murine leukemia virus integration site 1) [133] , leading to increased E-cadherin expression with concomitant inhibition of cell invasion [134, 135] . The loss of miR-200c is accompanied by increased BMI1 expression and followed by upregulation of ABC transporters, as well as the activation of the PI3K/AKT and MAPK signaling pathways [122] .
miR-125b has been shown to be overexpressed in metastatic melanomas in comparison to primary melanomas, and miR-125b inhibition decreases the invasive potential of aggressive melanoma cells in vitro [113] . The transcription of miR-125b is induced by TCF4 (transcription factor 4) [133] , and one of the direct targets of miR-125b is a transcript of NEDD9 (neural precursor cell expressed developmentally down-regulated protein 9) [113] , which is involved in the mesenchymal movement of melanoma cells [136] .
miR-34b, miR-34c, and miR-199a-3p are implicated in melanoma metastasis by targeting MET mRNA [120] . Downregulation of miR-34b, miR-34c, and miR-199a-3p expression results in increased MET expression and cell migration. Liu et al. have found that miR-675 expression is downregulated in melanoma cell lines and tissues, and its upregulation impairs the proliferation and invasiveness of these cells [126] . miR-675 targets the transcript of metadherin (MTDH) in melanoma, and the level of MTDH, which is involved in increased invasiveness of tumour cells [137] , is inversely correlated with miR-675 expression [126] . miR-375 is epigenetically regulated in melanoma by methylation of CpG islands [138] , and its ectopic expression in the WM1552C melanoma cell line has been shown to inhibit invasion [138] . miR-375 methylation is stage-specific because it increases with the transition from normal skin to melanoma, which suggests its possible use as a diagnostic [138] .
miR-638 is overexpressed in metastatic melanomas compared with primary melanomas [117] . miR-638 is suppressed by AP-2α, and epigenetic silencing of AP-2α-binding sequences at the miR-638 promoter leads to the aberrant expression of miR-638 during melanoma progression [117] . Moreover, miR-638 enhances lung colonization in vivo, as lung sections of mice, which had been injected with miR-638-transduced cells displayed more metastatic nodules than lungs of control mice. TP53INP2 (tumour protein p53 inducible nuclear protein 2) has been found to be a direct target of miR-638 [117] . miR-1908, miR-199a-5p, and miR-199a-3p are also recognized as factors promoting invasion, angiogenesis, and colonization [73] . Transcripts of apolipoprotein E (ApoE) and the heat-shock factor DNAJA4 (DnaJ Heat Shock Protein Family (Hsp40) Member A4) are direct targets of those miRNAs [73] . Interestingly, it has been found that locked nucleic acids (LNAs) that target these miRNAs suppress melanoma metastasis [73] . It has been shown that miR-25 levels are higher in melanoma cell lines in comparison to melanocytes, and a miR-25 inhibitor decreases cell migration and proliferation [111] . The transcript of DKK3 (Dickkopf-related protein 3) is a direct target of miR-25, which indicates an important role of miR-25 in the regulation of the WNT/β-catenin pathway. DKK3 inhibition in melanoma cells results in the upregulation of nuclear β-catenin, whereas upregulation of DKK3 partially attenuates the oncogenic effects of miR-25 in melanoma cells. Moreover, ectopic expression of miR-25 in melanoma cells inhibits the activity of TCF4, cyclin D1, and c-Myc [111] . miR-17, which is upregulated in melanoma, increases the motility and migration of melanoma cells. miR-17 is a member of the oncogenic miR-17/92 cluster that targets ETV1 (E twenty-six variant 1) mRNA, which belongs to the ETS (E-twenty-six) family of transcription factors that exert a suppressive role in melanoma [109] .
miRNAs Modulate the Melanoma Metastatic Niche
miRNAs can participate in building a pre-metastatic niche that permits both the implantation of tumour cells into distant organs as well as their survival (Figures 1 and 2 ). This intercellular communication is enabled primarily by melanoma-derived exosomes that contain miRNAs [139] . 
miRNAs in Drug Resistance to Targeted Therapy and Immunotherapy
Recently developed therapeutics that target oncoproteins crucial to melanoma development, such as BRAF V600 , brought hope for patients with metastatic melanoma. However, the development of resistance almost inevitably leads to patient relapse [12, 155] . Several mechanisms involved in resistance to BRAF inhibitors (BRAFi) have been identified in melanoma [13, 156, 157] . miRNA involvement in the development of resistance to BRAFi has been shown [122, [158] [159] [160] [161] [162] [163] . It has been demonstrated in clinical samples that a low level of miR-200c correlates with the development of resistance to BRAFi [122] . The resistance to BRAFi could be reversed by miR-7, which targets EGFR/IGF-1R/CRAF and inhibits the MAPK and PI3K/AKT signaling pathways [161] . It has been shown that miR-514a overexpression in melanoma cell lines inhibits NF1 expression, which correlates with an increased survival of BRAF V600E cells treated with vemurafenib [162] . miR-579, that acts as an (E) Melanoma-derived exosomes containing miRNAs that contribute to reprogramming cells in distant tissues to prepare the pre-metastatic niche. AFT3: activating transcription factor 3; BNIP3: BCL2/adenovirus E1B interacting protein 3; ECM: extracellular matrix; HIF-1α: hypoxia inducible factor 1 α; OxPhos: oxidative phosphorylation; PDH: pyruvate dehydrogenase; PDK4: pyruvate dehydrogenase kinase 4; and TCA: tricarboxylic acid cycle.
In addition to primary tumour-derived exosomes, BMDCs and the local stromal environment of the metastatic organ play an important role in the generation of a pre-metastatic niche [140] . Exosomes mediate the cross-talk between cells and favor pre-metastatic niche formation by "educating" BMDCs toward a pro-metastatic and pro-vasculogenic phenotype [141] . In vivo experiments have proven that pre-education of BMDCs with tumour exosomes from a highly metastatic melanoma is sufficient to accelerate tumour growth. Increase in the size and number of metastases, enhanced recruitment of BMDCs and tumour vascular density are characteristic of BM-educated mice in comparison to controls (PBS-treated mice) [141] . MET signaling usually mediates heterotypic cell-cell interactions [142] , and has been identified as being involved in the "education" of BMDCs. Furthermore, the transfer of the MET oncoprotein from tumour-derived exosomes to BM progenitor cells triggers the metastatic process in vivo [141] . Furthermore, the involvement of RAB (Ras-related protein) in the secretion of exosomes has been demonstrated, where RAB27A knockdown in melanoma cells reduces exosome production and prevents the recruitment of BMDCs [141] . This melanoma-specific "exosome signature" comprises of TYRP2 (tyrosinase-related protein-2), VLA-4 (very late antigen 4), HSP70 (heat shock protein 70), HSP90 [141] , and the MET onocoprotein. miR-triggered modulation of the pre-metastatic niche in distal sites is presented in Figure 2 .
Alterations in miRNAs Expression in Response to Microenvironmental Changes
Tumour cells are characterized by their ability to adapt to various conditions that are crucial for invading surrounding tissue and for seeding distant sites to form metastases. Hypoxia is a common feature of the solid tumour microenvironment. Low levels of oxygen promote the invasive potential of melanoma cells [143] . The mechanisms of cancer cell responses to hypoxia involve changes in miRNA levels [144] . It has been shown that 70 miRNAs are differentially expressed in hypoxic and normoxic conditions, and miR-340 may be responsible for the elevated levels of ABCB5 and several other proteins under low oxygen concentrations [145] . Hypoxia-inducible factor 1 alpha (HIF1α) is the main regulator of the cellular response to oxygen deprivation [146] . HIF1α increases the levels of miR-210, miR-218, miR-224, and miR-452 [147] , which may contribute to cell cycle progression. Furthermore, the overexpression of these miRNAs increases the expression of BNIP3 (BCL2/adenovirus E1B interacting protein 3) and AFT3 (activating transcription factor 3) [147] . Maes et al. have found that BNIP3 contributes to melanoma cell plasticity and aggressiveness [148] . Moreover, the aggressive melanoma cell phenotype driven by BNIP3 is associated with glutamine metabolism in melanoma cells [149] . ATF3 promotes cancer progression by activating an adaptive program to help cells cope with stress [150] . A low level of oxygen increases the number of individual miRNAs and their overall quantity in exosomes [151] . Comparing miRNA profiles in exosomes derived from melanoma cells grown at high (21%) and low (1%) concentrations of oxygen revealed that 15 miRNAs were significantly more abundant under hypoxic conditions, with miR-494, miR-6087, miR-513a, and miR-4497 being the most dramatically enriched [152] .
Melanoma-derived exosomes can reprogram adult dermal fibroblasts by increasing aerobic glycolysis and decreasing oxidative phosphorylation, leading to extracellular acidification [34] . Acidic pH stimulates melanoma cells to form pulmonary metastases in athymic nude mice [153] , and high levels of VEGF-α, MMP-2, MMP-9, IL-8, cathepsin B, and cathepsin L have been detected under these conditions [153] . Interestingly, as acidic pH induces the release of exosomes, buffering acidic tumour microenvironments decreases the efficiency of this process [154] .
Shu et al. have observed that tumour-derived exosomes modulate adult dermal fibroblasts, causing increased glycolysis and decreased oxidative phosphorylation [34] . miR-155 and miR-210 identified in melanoma-derived exosomes favor glycolysis, which simultaneously dampens oxidative phosphorylation and supports the Warburg effect [34] . miR-211 that is involved in the Warburg effect allows melanoma cells to survive under low oxygen pressure. Decreased miR-211 expression has been observed in melanoma cells in comparison to melanocytes [124] . PDK4 (pyruvate dehydrogenase kinase 4) mRNA has been identified as a miR-211 target. As decreased miR-211 expression in melanoma elevates PDK4 levels, which in turn inhibit PDH (pyruvate dehydrogenase) via phosphorylation, pyruvate is rerouted away from TCA (tricarboxylic acid cycle), and therefore limits oxidative phosphorylation. Reduced mitochondrial activity decreases oxygen consumption and leads to increased HIF-1α stability. Contrary to melanoma cells, melanocytes maintain a normal oxidative metabolic state [124] . The interplay between miRs and metabolic pathways in melanoma cells is presented in Figure 2 .
miRNAs in Drug Resistance to Targeted Therapy and Immunotherapy
Recently developed therapeutics that target oncoproteins crucial to melanoma development, such as BRAF V600 , brought hope for patients with metastatic melanoma. However, the development of resistance almost inevitably leads to patient relapse [12, 155] . Several mechanisms involved in resistance to BRAF inhibitors (BRAFi) have been identified in melanoma [13, 156, 157] . miRNA involvement in the development of resistance to BRAFi has been shown [122, [158] [159] [160] [161] [162] [163] . It has been demonstrated in clinical samples that a low level of miR-200c correlates with the development of resistance to BRAFi [122] . The resistance to BRAFi could be reversed by miR-7, which targets EGFR/IGF-1R/CRAF and inhibits the MAPK and PI3K/AKT signaling pathways [161] . It has been shown that miR-514a overexpression in melanoma cell lines inhibits NF1 expression, which correlates with an increased survival of BRAF V600E cells treated with vemurafenib [162] . miR-579, that acts as an oncosuppressor, has also been recognized as an antagonist of drug resistance [159] . Enforced expression of miR-579 reverts drug resistance to BRAFi in combination with MEKi, and more interestingly, prevents the development of acquired drug resistance. As miR-579 is located in a MITF-responsive gene encoding ZFR (zink-finger recombinase), its expression is probably dependent on MITF activity. Therefore, a reduced level of MITF in drug resistant cells might be responsible for the downregulation of miR-579 [159] . High expression levels of miR-100 and miR-125b have been detected in vitro in resistant cells and in tumour biopsies obtained from treated patients [163] , and their inhibition restores drug efficacy in resistant melanoma cells. Analysis of small RNAseq data has shown higher levels of miR-204 and miR-211 in BRAFi resistant melanoma cells in comparison to their drug-naïve counterparts [160] . This effect has been detected not only in response to BRAFi but also in response to inhibitors of other elements of the MAPK pathway. These two miRNAs have been previously recognized as tumour suppressors that inhibit melanoma cell invasion [99, 102, 124, 164] .
Interestingly, miRNAs may also be associated with melanoma resistance to treatment with immune checkpoint inhibitors (ICIs) [165] . A panel of circulating miRNAs (let-7e, miR-99b, miR-100, miR-125a, miR-125b, miR-146a, miR-146b, and miR-155) associated with the activity of MDSC (myeloid-derived suppressor cells) has been identified in melanoma patients [165] . These miRNAs had been recognized as being involved in myeloid cell differentiation and polarization [166, 167] . They seem to be responsible for the conversion of monocytes into MDSCs, mediated by melanoma EVs, and their baseline levels correlate with the clinical efficacy of ICIs. Preclinical data has shown that tumour resistance to ICI blockade can be reverted by myeloid cell depletion [168] . miR-146 has been shown to promote M2 polarization [169] , and exert a negative feedback on the activation of NF-κB-related genes mediated by TLR4 (Toll-like receptor 4) [170] . miR-125a and miR-125b have been reported to be involved in monocyte differentiation toward immunosuppressive phenotypes [169] . The miRNA-99b/let-7e/miRNA-125a cluster has been shown to stabilize the activity of STAT-3 in tolerogenic APCs (antigen-presenting cells) [171] . Thus, miRNAs may be considered in new therapeutic strategies that seek to overcome BRAFi and ICI resistance.
miRNAs as Biomarkers and Therapeutics
There is a great need for new diagnostic tools to detect melanoma, especially at the early curable stages of development. miRNAs have great potential as biomarkers because they can discriminate among diverse types of cancers and they are chemically stable and resistant to RNase activity. Fleming et al., have demonstrated that the assessment of four miRNAs (miR-15b, miR-30d, miR-150, and miR-425) has a greater potential of predicting melanoma recurrence than TNM staging [172] . Shiiyama et al. identified six miRNAs (miR-9, miR-145, miR-150, miR-155, miR-203, and miR-205) that were differentially expressed in metastatic melanoma patients compared to healthy donors, and their combination was more sensitive for detecting metastasis than each miRNA assessed individually [173] . The comparison of miRNAs from melanoma tissue samples with matching serum samples revealed that several miRNAs (e.g., miR-221, miR-222, and miR-3201) are only present at high levels in serum, whereas others are exclusively tissue e-derived (e.g., miR-30 and miR-374) [174] [175] [176] . As melanoma survival rates are higher when the cancer is diagnosed early, non-invasive liquid biopsies would be an optimal source of biomarkers that indicate disease development. This approach may also provide an opportunity for disease monitoring during treatment. In this regard, miRNAs are a long-investigated component of the circulating transcriptome [177, 178] . In a recent study, 11 miRNAs (let-7b, miR-16, miR-21, miR-92b, miR-98, miR-134, miR-320a, miR-486, miR-628, miR1180, and miR-1827) were identified as differentially expressed between healthy controls and plasma samples from different melanoma stages [179] . Two miRNAs (miR-320a and miR-134) have been found at lower levels in plasma from melanoma patients compared to samples from healthy donors [179] . miR-21 has been reported at elevated levels in melanoma plasma samples [180] . Eight miRNAs (let-7e, miR-99b, miR-100, miR-125a, miR-125b, miR-146a, miR-146b, and miR-155) have been detected in patients receiving the ICIs ipilimumab and nivolumab as correlated with the frequency of altered myeloid cells and shorter PFS (progression-free survival) and OS (overall survival) [165] .
Additional studies are needed for a more critical evaluation of the clinical value of miRNAs, and the use of miRNAs' expression patterns as reliable biomarkers capable of detecting primary disease and early metastasis after treatment.
From the perspective of therapeutic applications, strategies to deliver tumour-suppressive miRNAs or interfere with tumour-promoting miRNAs are still under development [181] [182] [183] [184] .
Conclusions
Despite recent advances in cancer treatment, metastasis remains the main cause of cancer-related deaths. The findings reviewed here indicate the involvement of miRNAs in melanoma metastasis. Notably, diminished expression of tumour suppressor miRNAs and overexpression of oncomiRs is observed in all stages of melanoma progression, from the non-invasive state to the stage of distant organ colonization. Expression of miRNAs is altered by genomic aberrations, point mutations, chromosomal deletions, and aberrant promoter methylation, however, the expression of numerous miRNAs linked to cancer is also modulated by the microenvironment. Considering the role of miRNAs in melanoma development, miRNAs or their antagonists may be considered for potential therapeutic applications, however, the strategies for this approach are still under development. Additional studies are needed to establish the relationship between miRNAs and the molecular pathways involved in melanoma. Distinct profiles of miRNA expression are detected at each step of melanoma development, and altered expression of miRNAs has been found to correlate with poor prognosis and insufficient response to treatment. Therefore, miRNAs, especially those being part of the circulating transcriptome may be useful as biomarkers for early melanoma detection and response to treatment.
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